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A PRELIMINARY STRUCTURAL ANALYSIS 
OF SPACE-BASE LIVING QUARTERS MODULES TO VERIFY 
A WEIGHT-ESTIMATING TECHNIQUE 
By David S. Grissom and William C. Schneider 
1.0 SUMMARY 
The determination of a base-line (minimum weight) design for the 
primary structure of the living quarters modules in an earth-orbiting 
space base has been investigated. Although the design is preliminary 
in nature, the supporting analysis is sufficiently thorough to provide 
a reasonably accurate weight estimate of the major components that are 
considered to comprise the structural weight of the space base. 
2 
2.0 INTRODUCTION 
The first phase in the preparation of any efficient design is the 
establishment of a base-line design on which additions and refinements 
are made. The design of a space base is no exception. Presented in 
this report is the configuration that was considered and the preliminary 
• analysis that was performed to determine a structural design for living 
quarters modules LQM 1 and LQM 2 of an earth-orbiting space base 
(fig. 1). The purpose of the analysis is to verify a weight-estimating 
technique. 
A detailed library search was performed so that ideas of recognized 
authorities in the design of large spacecraft structures could be in-
corporated into this design study. Current articles that contain both 
theoretical and experimental data concerning crack propagation, optimum 
pressure-vessel design, and buckling of large spacecraft structures were 
collected and studied. 
Because of the early initiation of this design and analysis effort, 
little definition of the criteria that would influence the final design 
was available. Specifically, thermal-control and meteoroid-protection 
systems had not been established. This study, of necessity, does not 
incorporate the'strength of these systems into the primary structural 
design. Launch loads were estimated, but the internal loadings (equip-
ment distributions) for each floor were assumed to be equal and dis-
tributed uniformly. Other omissions are equipment hard points, windows, 
. hatches, and docking rings. These omissions are estimated to comprise 
approximately 30 percent of the total structural weight. Operating 
pressure was specified as 14.65 psia, and the pressure-vessel-wall thick-
ness was adjusted by a scratch factor to correct for scratch depths of 
20 percent. In addition to the standard operating configuration in 
which the two modules and the tunnel act in combination, it was neces-
sary for safety to be able to pressurize each module and the tunnel 
individually. 
The determination of the optimum section for the outer cylindrical 
wall •of LQM 1 and LQM 2 is outlined in section 4.o of this report. Sec-
tion 5,0 of the report concerns the establishment of flooring of the two 
modules. In section 6.o, the tunnel is considered. The analysis that 
was performed on the end bulkheads for both modules is presented in sec-
tion 7.0. 
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3,0 SYMBOLS 
area 
ellipse semimajor axis 
bending stiffness 
ellipse semiminor axis 
Euler column coefficient of fixity 
constant of integration 
flexural rtgidity 
width 
infinitesimal element of force 
tnfinitesimal element of radius 
infinitesimal element of angle 
modulus of elasticity 
extended length 
· force 
factor of safety 
shear modulus of elasticity 
reference points 
buckling stress coefficient 
height 
area moment of inertia 
constant 
stress intensity factor 
panel buckling coefficient 
3 
4. 
k dimensionless parameter 
L tunnel length 
1 length 
1 1 floor spacing 
M moment 
m dimensionless parameter 
N normal loading -per->uni t length 
n number (quantity) 
P perimeter 
p pressure 
Q shear loading per unit length 
qa dynamic pressure times angle of attack 
R reaction forces 
r radius 
S section modulus 
S' transverse shear stiffness 
sf scratch factor 
t thickness 
t equivalent thickness 
u stringer spacing, beam spacing 
V shear force 
W weight 
w loading per unit length 
x,y variable dimensions 
5 
XI ,y' ellipse coordinates 
z curvature para.meter 
z coordinate normal to sandwich faces 
a plate parameter for sbear 
13 plate param_eter for bending 
y one-half length of crack 
y' plate para.meter 
b. change in 
0 deflection 
8 angle 
\I Poi_sson ratio 
p d_ensity 
0 normal stress 
T shear stress 
<P angle 
Subscripts: 
app applied 
C core 
er critical 
f face sheet 
h horizontal 
i inside. 
k floor number· 
l longitudinal 
6 
·max, maximum 
mi_h. minimum 
0 outside 
s surface 
skin pressure skin 
str stringer 
T torus 
u ultimate 
V vertical 
X variable 
y yield 
e hoop 
qi meridional 
7 
4.0 OUTER CYLINDRICAL WALL 
The computation of the outer wall dimensions for each floor in-
cluded consideration of the loads, which consist of free-standing ground 
winds, maximum qa, first-stage end boost, and internal pressure. The 
main structural purposes of the wall are to hold internal pressure and 
to prevent buckling during the maximum loading conditions. The wall 
consists of a pressure skin reinforced by longitudinal stringers and 
circumferential rings, This configuration was chosen because it was 
considered to be efficient, lightweight, and proven. A monocoque shell 
with longitudinal stringers and circumferential rings has been reported 
· to be the most efficient type of structure for this application, From 
figure 2, it is evident that the skin-stringer-ring construction is the 
most efficient. Sandwich construction is slightly less efficient 
(ref. 1). 
The stringers 'are placed on the external side of the pressure skin 
because cylindrical shells stiffened by external stringers have been 
shown to exhibit, for some geometrics, as much as two times the buckling 
load capability as cyliqdrical shells stiffened with internal stringers 
(refs. 2 and 3). The design configuration presented in this report has 
rings only at the floor levels, but the rings are placed such_that the 
ring center of gravity is external to the skin. A later design optimi-
zation possibly could be obtained by the addition of small rings between 
the floors; however, this optimization was not considered for this report. 
The skin is designed to withstand internal pressure. The stringer 
spacing is determined such that the skin is between stringers at the 
point of buckling. The stringers are designed so that the stringers 
and the skin will just withstand the induced compression loads.without 
buckling. A safety factor of 2 was used for buckling loads, and a 
safety factor of l was used for tensile stress compared with yield 
stress. The design analyses of LQM 1 and LQM 2 are discussed separately. 
4.l LIVING QUARTERS MODULE 1 
The outer wall of LQM l is a conical frustrum in which the smaller 
end is attached to a cylinder. Living quarters module 1 and the number-
ing system for the stringers between floors are shown in figure 1. No 
floor exists at levels -4, -5, and -6; only rings are used as stiffeners. 
In this section of the report, the design loads are determined, the 
pressure-skin thickness is calculated, the strin~er spacing is computed, 
the optimum stringer section is determined, and the total weight of the 
skin and stringers is calculated for each floor of LQM l of the space 
base. 
8 
4.1.1 External Loads 
The external loads for LQM 1 were computed by Structures and Me-
chanics Division personnel. The three loading cases considered are 
free-standing ground winds, maximum product of dynamic pressure and 
angle of attack qa, and first-stage end boost. The external loads for 
each floor of LQM 1 are presented, in table I. 
4.1.2 Internal Pressure Loads 
During launch of the space base, the ambient external pressure de-
creases and the internal pressure remains constant. Therefore, a dif-
ferential pressure is induced across the pressure wall and causes a 
tension load in the axial direction that decreases the axial-compressive 
buckling load. The hoop tension load in the cylinder wall that is caused 
by this differential pressure is not computed. 
The following is the derivation for the load per inch on the inner 
and·outer cylinder (fig. 3) that is caused by internal pressure. 
=fro EF ~ dF + dF. r dB dr p 
0 l. 
r. 
J. 
dF + dF = p d0 (r 2 _ r.2) 
0 i 2 0 J. (1) 
--fro EM (about the diameter) -=9 dF 
O 
r 
O 
+ dF i r i r (r d0 )dr p 
ri 
(2) 
Solving equations (1) and (2) for 
dF 
0 
dF. 
l. 
= p d8 
The load per inch is N = dF /r d0 
0 0 0 
dF and dF. 
0, l. 
. 2\ ·1 ( 3 
ri / + 3ro 
r - r. 0 l. 
yields 
and N. = dF./r. d8. 
l. 1 l 
Therefore 
N /p for each floor are shown in table II. The 
0 
9 
calculated values of 
differential pressures 
for case I, 11 psi for 
p for the various loading conditions are O psi 
case II, and 14.65 psi for case III. 
4.1.3 Total Resultant Load in the Wall 
The total resultant load in the wall is comprised of the axial com-
pression load, the tension and compression loads_caused by the moment, 
and the tension load caused by differential pressure. The total resultant 
load per inch of circumference can be written as 
axial load ·?\ 
Nk = 1StP - 2nr
0 
± ~ 
1rr 
0 
where K = N
0
/p and M = moment. 
10 
For case I, the total resultant load (in pounds per inch of circum-
ference) is determined for each floor and ring by,using the moment and 
axial-load values (table I) and p = 0 psi. 
Floor 3: 
4 33 X 106 
. N3 = 52.2(0) 
-23 X 10 
± 211(178) 1r(178)2 
N . = ! -536 3 +126 
Floor 2: 
N2 48.3(0) 17 X 10
4 
± 
26 X 106 
= - 21r( 16~() TI(167) 2 
t 
-1-458 N2 - +134 
Floor 1: 
N1 = 42.9(0) 
11 X 104 
± 
20 X 106 
- 21r{151) TI(l51) 2 
Nl = ! -394.3 +163.3 
Floor O: 
Floor -1: 
Floor -2: 
Floor -3: 
N
0 
= 39,8(0) _ 8 x 104 + 16 x 106 
2n(l42) - ( 2 
n 142) 
N -1-342 0 - +163 
N 36 4( ) 7 x 104 12 x 106 
--l = • O - 2n(l32) ± 
n(l32) 2 
.N -1-302 
-1 - +135 
N_2 = 32,8(0) _ ~n(l~~~ ± 8 x 106 1r(122)2 
· N _ \ .:.223 
-2 - ) +118.6 
N_3· = 21.9(0) 3 X 104 6 X 106 
- 2n(91) ± -~~ 
1r(91) 2 
N -1-281 
-3 - +178 
11 
12 
Ring -4: 
Ring -5: 
• 
Ring -6: 
N_4 21.9(0) 2.8 X 10
4 
± 4 X 106 
= - 2n(91) 
n(91) 2 
N_4 -1-202. 7 
- +104,9 
N_5 21.·9( 0) 2.7 X 10
4 
± 
2 X 106 
= 2n(91) 
n(91) 2 
N_5 = 1-124 .1 +29!7 
4 6 ( ) 1. 8 X 10 + 1 X lQ 
N -6 = 21. 9 0 - 2n ( 91) - n ( 91) 2 
N J -69.8 
-6 t +1 
For case II, the total resultant load (in pounds per inch of cir-
cumference) is determined for each floor and ring by using the moment 
and axial-load values (table I) and p = 11 psi. 
Floor 3: 
Floor 2; 
Floor 1: 
Floor 0: 
N3 = 52.2(11) - 9, 2 x 105 + 27,5 x 107 
2n(l78) - n(l78)2 
N . = i -3038 
3 +2540 
. N2-= 48.3(11) - 8 -25 x 105 + 19,5 x 107 
2n(167) - 2 
n(167) 
N =l -2481 
2 +1990 
Nl = 42.9(11) - 7,5 x 105 + 15.7 x 107 
2n(l51) - ( 2 
n 151) 
N = i -2518.8 
1 +1880.8 
5 . 
N
0 
= 39,8(11) _ 6 · 2 x 10 + 12 x 107 
· 2n(l42) - 2 
n(l42) 
N -l -2152 
_.O - +1637 
13 
14 
Floor -1: 
Floor -2: 
Floor -3: 
Ring -4: 
N __ l = 36.4(11) - 4,5 X 105 + 2 X 107 
211(132) - 2 11(132) 
N = ~ -1786 .8 
-1 l +1503 
N 3 x 105 
-2 = 32.8(11) - 211(122) ± 
N _ ~ -1474 
-2 -1 +1414 
. 2 X 105 
N_3 = 21.9(11) - 21r{ 9l) ± 
N_3 = I -1798,3 +1662 
6,75 X 107 
11(122)2 
N ( 1 x 105 3,75 x 107 
-4 = 21.9 11) - 21r(91) ± _____ .......;;~ 
1r(91) 2 
N _ ~ -1335 
-4 - 1 +1548 
• 
15 
Ring -5: 
7 X 104 2,25 X 107 
N_5 = 21.9(11) - 2n( 9l) ± 
n(91)2 
-j -695 N_5 - +1014 
Ring -6: 
7 X 104 1.5 X 107 N . = 21.9(11) - 2n( 9l) ± -6 
n(91) 2 
j -410 
N_6 = +729 
For case III, the total resultant load (in pounds per inch of cir-
cwnference) is determined for each floor and ring by using the moment 
and axial-load values (table I) and p = 14.65 psi. 
Floor 3: 
11.5 X 10 
N3 = 52.2(14.65) - 2n(l7B) 
N = j -321 
3 l +O 
6,2 X 106 ±----
n(178)2 
16 
Floor ·2: 
Floor 1: 
Floor_ 0: 
N2 = 48.3(14.65) 8.5 x 105 
- 2n(l67) ± 
N = 1-151 2 +O 
Nl = 42.9(14.65) _ 5.05 x 105 2n(l51) ± 
N -1-0 1 - +134 
N 8( 4 x 105 0 = 39. 14.65) - 2n(l42) ± 
N -1-0 0 - +164 
2.75 X 106 
n(l51) 2 
Floor -1: 
N_l = 36.4(14.65) 3 X 105 
- 2n(l32) ± 
N -1-0 
-1-: +191 
1.2 X 106 
n(l32) 2 
Floor -2: 
Floor -3: 
Ring -4:. 
Ring -5: 
N_2 = ·32.8(14.65) _ 2 x 105 + 1 x 106 21r(122) - ( 2 1r 122) 
N -! -0 
-2 - +239 
N_3 ~ 21.9(14.65) - 1.6 X 105 + 7,5 X 105 
21r(91) - ( )2 1r 91 
.N -! -0 
· -3 - +69 
N_4 = 21.9(14.65) - 1.2 X 105 + 2.5 ~ 105 
21r(91) - ( )2 
"IT 91 
N -1-0 
-4 - +119,7 
N_5 = 21.9(14.65) _ 1 x 105 + 1 x 105 21r(91) - ( 2 
"IT 91) 
N :_ 1-0 
-5 - +148.8 
17 
18 
Ring -6: 
5 X 104 N_6 = 21,9(14.65) - 2n( 9l) 
j-o 
N_6 = 1+232 
4.1.4 Limit Loads 
The limit loads are the maximum loads expected on a particular 
floor. The limit load for each floor is shown in table III. 
4.1,5 Design Loads 
The design loads are obtained by multiplying the limit loads by the 
appropriate safety factor. The saf-ety factors for compressive buckling 
loadp and for tension loads are 2 and 1;5, respectively. The design 
loads for compression and tension are given in table IV. 
4.1.6 · Pressure-Skin Thickness 
The following design requirements were considered for the design of 
the thin pressure skin. 
a. The internal limit pressure shall be 14.65 psig. 
b, An explosive failure shall not occur if a scratch that is as 
deep as 20 percent of material thickness and 6 inches long 
exists in the skin. 
c, Cracks shall not propagate. 
d. The working stress factor of safety shall be 1,5 times the 
allowable yield stress. 
The material considered for the pressure skin was 2219-T87 aluminum, 
which has a welded strength of o = 41 000 psi and o = 30 000 psi. 
u y 
19 
The thickness required for crack-propagation prevention is calculated 
in the following manner. The tangential stress in a thin-walled cylin-
drical pressure vessel is If a crack 6 inches long shall 
not propagate· (ref. 4, fig. 4) , then Kl = oVTiy. Where y = 3 inches, 
p = 14.65 psi, and 2 r = 372 inches, then 
0 
and 
Kl= (1,5)(14.7)(372) .~ ~ 69 000 2t 
t > 0.182 in. 
A skin thickness is required that.will provide acceptable strength 
even if a scratch penetrates to a depth of 20 percent of the material 
thickness. This thickness is calculated as follows. 
pro (14.65)(372) 
o = o.8t = (i. 5) 2(0.8)t = 
The requirement is 
o = 30 000 psi y 
5105,7 
t 
o ~ 5105 ' 7 ~ 30 000 y t 
Therefore 
t ~ 0,170 in. 
20 
'The requirements for both crack prevention and scratch strength are 
satisfied by a thickness of 0.182 inch. 
4.1,7 Stringer Spacing 
The distance between the longitudinal stringers for each floor is 
determined such that the thin skin between stringers is on the verge of 
buckling. The allowable axial-c_ompressive buckling stress for a curved 
panel is increased by internal pressure. 
To determine the increase in allowable buckling stress caused by 
internal pressure, the following parameter is computed, The computation 
for floor 3 is presented as an example. 
= 
( 11) ( 178) 2 
= 
107(0.182) 
1.1 
Using this pararn,eter and the curve shown in figure 5 (ref. 5), the in-
crease in allowable buckling stress is computed as follows. 
tio 
er 
tiH = 0.45 
= tiH Et= (o.45)107(0.182) 
r 178 
0 
tio = 4259 psi 
er 
The total allowable buckling stress is given by 
21 
The applied stress should be less than or equal to the critical stress. 
0 < 0 
app er 
The ratio of the loading per inch of circumference to the skin thickness· 
for floor 3 is 
_tN3 = 6076 = 33 384 
0.182 
29 125 
Kc 
< 2 
u 
TI (0.182) 10 + 4259 ~ 2 2 7] 12(0.91) 
:s, 2.828 x 105 Kc 
2 
u 
Therefore 
2 
u ~ 9.58Kc 
The curvature para.meter Z is given by 
z = 
Therefore 
2( 2)1/2 
u _l - v 
r t 
0 
2 Z = 0.03u 
. (3) 
(4) 
For the iterative procedure that is used to determine the stringer 
spacing u, (1) assume Kc and determine u from inequality (3); · 
(2) with this value of u, determine Z from equation (4); (3) with this 
value of Z and figure 6 (ref. 5), read the corrected value of Kc. 
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These three steps are repeated until convergence is reached at which 
point the value of u is established. 
Let 
Kc = 4 ~ u = 6.169 in.==> Z = 1.419 ~ Kc = 7 ==::> u = 8.16 in. 
The number of stringers needed is the next integer greater than the ratio 
of circumference to u. Similar calculations were performed for each 
floor; the results are presented in table V. 
4.1.8 Determination of the Stringer Cross Section 
The optimum. wide-flange cross section is computed for each floor 
of LQM 1 by first determining the approximate area moment of inertia 
needed to withstand the applied loads at each floor. With this determina-
tion, the moment of inertia (just smaller than the moment of inertia 
that is needed) is found by consulting the standard wide-flange tables. 
Next, the length that must be added to the flange to give the exact 
inertia and area required to withstand the applied loads is determined. 
The critical buckling load per inch for this stringer-stiffened 
structure is given (ref. 6) as 
where C = 
l' = 
E = 
t = 
1 
108 in. 
1 X 107 psi 
0.182 in. 
N 
er 
and 
Therefore 
Floor 3: 
A 
t = t + str 
s u ( 
-t
5
3) 
It= I~tr + 12 
If r = 178 inches, N = 6076 pounds per inch, and 
o app 
u = 8.15 inches, then 
Therefore 
Let 
Istr = 6.968 + 3.52x 
A = 2.60 + x 
str 
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Therefore 
Floor 2: 
If ro = 167 inches,  N = 4962 pounds per  inch,  and 
aPP 
u = 9.2 inches,  then  
x 2 -0.93 i n .  
Theref o re  
Floor 1: 
If ro = 151 inches, N = 5036 pounds per inch,  and 
aPP 
u = 9.2 inches,  then 
If Istr and . Astr a r e  t h e  same a s  those  f o r  f l o o r s  2 and 3 
x L 0.95 i n . .  
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Therefore 
Floor 0: 
If ro = 142 inches, N = 4304 pounds per inch, and 
aPP 
u = 9.9 inches, then 
4304 5 853.81 + 4.2 + 
str 
Let , = 4.136 + 2.12~ 
x 2'-0.49 in. 
Therefore 
Floor -1: 
I f  ro = 132 inches ,  N = 3572 pounds per  inch ,  and 
aPP 
u = - 11.7 inches,  then  
If t h e  equations f o r  
'str and A a r e  t h e  same a s  those  f o r  f l o o r  0 str  
x L -0.73 i n .  
. Therefore . 
Floor -2: 
If - r = 122 inches,  N = 2948 pounds per - inch,  and 
0 aPP 
u' = 17.03 inches ,  t h e n  
x 2 0.05 i n .  
Theref o r e  
Floor -3: 
If ro = 91 inches ,  N = 3596 pounds per  inch,  u = 11.9 inches,  
aPP 
and i f  t h e  equations f o r  Istr and A a r e  t h e  same a s  those  f o r  str 
f l o o r  -2, then  
x 1.4  - 3.55d0.263 + 0 . 0 4 2 ~  
x L 0.36 i n .  
Ring -4: 
If ro = 91 inches ,  N = 2670 pounds per  inch,  and 
aPP 
u = 15.5 inches,  then  
x 2 -0.36 
Therefore 
Ring -5:  
If ro = 91 inches,  N = 1390 pounds per  inch,  and 
aPP 
u  = 16.8 inches,  then  
No s t r i n g e r  i s  needed (lstr = 0 and Astr = because t h e  inequa l i ty  
i s  s a t i s f i e d  i d e n t i c a l l y .  
Ring -6: 
If ro = 9 1  inches ,  N = 820 pounds,per inch,  and 
aPP 
u = 16.8 inches,  then  
No s t r i n g e r  i s  needed because t h e  inequa l i ty  i s  s a t i s f i e d  i d e n t i c a l l y  
f o r  Istr = 0 and Astr = 0. The r e s u l t s  of t h e  computations f o r  t h e  
s t r i n g e r  c ross  sec t ions  and t h e  weights o f  t h e  s t r i n g e r s  a r e  presented 
i n  t a b l e  V I .  The weight of t h e  pressure  sk in  i s  
The t o t a i w e i g h t  of t h e  primary ex te rna l  LQM 1 s t r u c t u r e  ( ~ r e s s u r e - s k i n  
weight p lus  s t r i n g e r  weight) i s  22 056 pounds. 
4.2 LIVING QUARTERS MODULE 2 
The outer  wal l '  of  L&M 2 i s  cy l indr ica l .  Living quar t e r s  module 2  
and t h e  numbering system f o r  t h e  s t r i n g e r s  between f l o o r s  a r e  shown i n  
f i g u r e  1. I n  t h i s  sec t ion  of t h e  r e p o r t ,  t h e  design loads a r e  de ter -  
mined, t h e  s t r i n g e r  spacing i s  computed, t h e  optimum s t r i n g e r  sec t ion  
i s .de termined,  and t h e  t o t a l  weight of t h e  sk in  and s t r i n g e r s  i s  calcu- 
l a t e d  f o r  each f l o o r  of L&M 2 of t h e  space base. 
4.2.1 External  Loads 
The ex te rna l  loads  f o r  LQ,M 2 were computed by S t ruc tu res  and Me- 
chanics Division personnel.  The t h r e e  loading cases t h a t  were con- 
s idered  f o r  LQM 1 a l s o  were considered f o r  LQM 2 ,  The ex te rna l  loads  
f o r  each f l o o r  of  LQM 2  a r e  presented i n  t a b l e  V I I .  
4.2.2 I n t e r n a l  Pressure Loads 
The r e l a t i o n  f o r  a x i a l  t ens ion  i n  t h e  o u t s i d e , w a l l  was given pre- 
v ious ly  a s  
For t h i s  c y l i n d r i c a l  shape, ro i s  not d i f f e r e n t  a t  each f l o o r .  Con- 
sequently, i f  r = 36 inches and r = 186 inches,  then  No = 5 4 . 8 ~ .  i o 
The d i f f e r e n t i a l  pressures  p f o r  t h e  various loading condit ions a r e  
0 p s i  f o r  case I ,  11 p s i  f o r  case 11, and 1 4 . 6 5  p s i  f o r  case 111. 
4.2.3 To ta l  Resultant  Load i n  t h e  Wall 
The t o t a l  r e s u l t a n t  load  per inch of circumference can be  w r i t t e n  
-. 
Nk = 5 4 . 8 ~  - axial load % + -  2 1 ~ r  
o ~r 
2 
0 
For case  I ,  t h e  t o t a l  r e s u l t a n t  load ( i n  pounds per  inch of c i r -  
cumference) i s  determined f o r  each f l o o r  by using t h e  moment and ax ia l -  
load values ( t a b l e  VII) and p = 0 p s i .  
. . Floor 5 :  
. '  Floor 4 :  
Floor 3: 
Floor 2: 
Floor 1: 
For case  11, t h e  t o t a l  r e s u l t a n t  load  ( i n  pounds per  inch of c i r -  
cumference) i s  determined f o r  each f l o o r  by using t h e  moment and ax ia l -  
load values  ( t a b l e  VII)  and p = 11 p s i .  
Floor 5: 
Floor 4 :  
Floor 3: 
. - Floor 2 : 
Floor 1: 
For case 111, t h e  t o t a l  resu l tan t  load ( i n  pounds per inch of c i r -  
cumference) i s  determined fo r  each f loor  by using t h e  moment and axia l -  
load values ( t ab l e  V I I )  and p = 14.65 p s i .  
Floor 5: 
Floor 4: 
Floor 3: 
. 
Floor 2: 
Floor 1: 
4.2.4 Limit Loads 
T h e ' l i m i t  loads  a r e  t h e  maximum loads  expected on a p a r t i c u l a r  
f loor .  The l i m i t  loads  f o r  each f l o o r  a r e  given i n  t a b l e  VIII. 
4.2.5 Design Loads 
Safe ty  f a c t o r s  of 2 and 1 . 5  a r e  used t o  compute compressive buck- 
l i n g  loads  and design t ens ion  loads ,  respect ive ly .  The design loads ob- 
t a i n e d  by mult iplying t h e ' l i m i t  load f o r  each f l o o r  by t h e  appropr ia te  
s a f e t y  f a c t o r  a r e  given i n  t a b l e  I X .  
4.2.6 Pressure-Skin Thickness 
The pressure-skin th ickness  e s t ab l i shed  f o r  L&M 1 i s  used f o r  t h e  
pressure-skin th ickness  of LW 2. The requirements f o r  both crack- 
propagation prevention and sc ra tch  s t r eng th  a r e  s a t i s f i e d  by a th ickness  
of 0.182 inch. 
4.2.7 S t r inger  Spacing 
The d i s t ance  between t h e  long i tud ina l  s t r i n g e r s  f o r  each f l o o r  i s  
determined such t h a t  t h e  sk in  between t h e  s t r i n g e r s  i s  on t h e  verge of 
buckling. The allowable axial-compressive buckling s t r e s s  f o r  a curved 
panel i s  increased by i n t e r n a l  pressure .  
To determine t h e  increase  i n  allowable buckling s t r e s s  caused by 
i n t e r n a l  pressure ,  t h e  following parameter i s  computed. 
By using t h i s  parameter and t h e  curve shown i n  f igure  5 ( r e f .  5 ) ,  t h e  
inc rease  i n  allowable buckling s t r e s s  i s  computed a s  follows. 
"cr 
= 4280 
The total allowable buckling stress is given by 
a 
Thus, the following inequalities should hold true for each floor. 
Floor 5: 
. . 
Floor 4: 
Floor 3: 
Floor 2: 
Floor 1: 
These inequalities can be reduced to the following inequalities. 
The curvature parameter Z i s  given by 
By using t h e  preceding inequa l i t i e s  and t h e  equation fo r  Z with 
f igure  6 ( r e f .  5 ) ,  t h e  spacing u ( i n  inches) f o r  each f l oo r  can be 
computed . 
No s t r i nge r  i s  required f o r  f l oo r  1. 
The circumference of t h e  cylinder i s  1168 inches. Therefore, i f  
an in teger  number of s t r i nge r s  i s  t o  be placed a t  each f l oo r ,  t h e  values 
of u w i l l  be increased s l i gh t l y .  The number of s t r i nge r s  and t h e  k 
s t r inger  spacing f o r  each f loor  a r e  given i n  t a b l e  X.  
4.2.8 ~ e t e r m i n a t i o n  of t h e  Stringer Cross Section 
The same method used t o  compute t h e  optimum wide-flange cross 
sect ion f o r  each f l o o r  of L W ' ~  i s used t o  compute t h e  LQM 2 s t r inger  
cross  sections.  Hence 
where C = 1 
1' = 108 i n .  
7 E = 1 x 1 0  p s i  
t = 0.182 i n .  
and 
Theref o r e  
Floor 5: 
If ro = 186 inches,  N = 3236 pounds per  inch,  and 
aPP 
u = 10.9 inches,  then  
8453 1 + 2311 4-) 3236 s 46.49 + -10.9 str 
Because a 4- by 2-inch wide-flange beam ( r e f .  . 7 )  g ives  I = 2.424 and 
A = 0.969, a  l eng th  of 2x i s  added t o  each f lange .  The r e s u l t i n g  
sec t ion  p roper t i e s  a r e  a s  follows. 
Theref o re  
3189.5 5 775.5(2.424 + 1 . 8 7 7 ~ )  + 2311d0.2658 + 0 . 0 4 5 ~  
The so lu t ion  f o r  x from t h e  inequa l i ty  i s  
x L 0.076 i n .  
Therefore 
. 
Floor 4: 
If ro = 186 inches, N = 2416 pounds per inch,  and 
aPP 
u4 = 13.3 inches,  then 
Therefore 
The so lu t ion  f o r  x from t h e  inequa l i ty  i s  
. . x 2 -0.256 in .  
Theref o re  
I4 =.1.94 i n  4 
Floor 3: 
I f  ro = 186 inches,  N = 1964 pounds p e r  inch,  and 
aPP 
u3 = 15.6 inches, then 
-The so lu t ion  f o r  x. from t h e  inequa l i ty  i s  
x 2 0.498 i n .  
Theref o re  
Floor 2: 
If ro = 186 inches ,  N = 1442 pounds per inch,  and 
aPP 
u = 22 inches,  then 2  
The so lu t ion  f o r  x from t h e  inequa l i ty  i s  
x 2 0.81 i n .  
Theref ore  
a 
No s t r i n g e r s  a r e  required  f o r  f l o o r  1. 
The r e s u l t s  of t h e  computation f o r  t h e  s t r i n g e r  cross  sec t ions  and 
t h e  weights of t h e  s t r i n g e r s  a r e  presented i n  t a b l e  X I .  The weight of 
t h e  pressure skin  i s  
'skin = 211(186) (0.182) x 5(108) (0.1) 
'skin = 11 479 l b  
The t o t a l  weight of t h e  ex te rna l  LQM 2 s t r u c t u r e  ( ~ r e s s u r e - s k i n  
weight p lus  s t r i n g e r  weight) i s  1 4  343 pounds. 
5.1 GENERAL 
The f l o o r i n g  must be designed t o  wi ths tand  equipment loadings  t h a t  
e x i s t  at  launch. The loadings  t h a t  e x i s t  dur ing  o p e r a t i o n a l  o r b i t  con- 
d i t i o n s  a r e  i n s i g n i f i c a n t  when compared wi th  t h e  maximum launch loads .  
The des ign  se l ec t ed -  f o r  t h e  f l o o r i n g  i s  an aluminum honeycomb sandwich 
s t r u c t u r e  supported by a  network of high-strength l i gh twe igh t  beams. 
Because each f l o o r  i s  rad iused  about t h e  space-base s p i n  a x i s ,  a 
.radial-beam-type support  s t r u c t u r e  would b e  imprac t i ca l  . The more 
p r a c t i c a l  approach i s  t h e  use  of  curved beams t h a t  have t h e  app ropr i a t e  
r a d i i  of curva ture  and t h a t  a r e  o r i e n t e d  t o  run  i n  t h e  p lane  of t h e  
f l o o r  curva ture .  This  t y p e  of support  s t r u c t u r e  i s  used f o r  t h i s  anal- 
y s i s .  Because t h e  r a t i o  of  t h e  beam depth t o  t h e  r a d i u s  of curva ture  
i s  cons iderably  l e s s  t han  1 0 ,  t h e  beams a r e  assumed t o  be  s t r a i g h t  f o r  
. t h e  beam s t r e s s  a n a l y s i s .  The e r r o r  i s  s l i g h t  i f  t h e  r a d i u s  of curva- 
t u r e  i s  more than  10  t imes  t h e  depth of t h e  beam ( r e f .  8 ) .  The f l o o r s  
a r e  designed t o  wi ths tand  a  uniform loading  of 1 .72  l b / i n 2  ( s l i g h t l y  
2 l e s s  t han  250 l b / f t  ),  which is  c o n s i s t e n t  wi th  30 000 pounds d i s t r i b -  
u t ed  uni60rmly over a 725 f t 2  a r e a  i n  a 5g launch environment. The 
high-strength beams al low a r e d i s t r i b u t i o n  of loading  such t h a t  concen- 
t r a t e d  loadings  can be  p re sen t  and can be put  d i r e c t l y  i n t o  t h e  beams. 
. The method o f  a n a l y s i s  inc ludes  t h e  examination of va r ious  beam 
spacings and t h e  s e l e c t i o n  of t h e  optimum combination of  beams and 
honeycomb sandwich s t r u c t u r e  t h a t  spans t h e  beams. Because i n t e r c o s t a l  
beams a r e  being considered f o r  concentrated load ings ,  a p r a c t i c a l  l i m i t  
o f  52 inches  i s  s e t  f o r  t h e  spacing d i s t ance .  Beginning wi th  36-inch 
spacing,  beam spacing i n  4-inch increments i s  examined. 
5.2 METHOD OF CALCULATION 
5'.2.l Beams 
The a n a l y s i s  i s  based on straight-beam theo ry ,  a l though a s l i g h t  
r a d i u s  of cu rya tu re  e x i s t s .  The beams, made from a t i t an ium a l l o y  t h a t  
has a t e n s i l e - y i e l d  s t r e n g t h  of 150 000 p s i  and a shear  s t r e n g t h  of 
90 000 p s i ,  a r e  assumed t o  have f ixed  end condi t ions  t o  minimize f l o o r  
d e f l e c t i o n  a t  launch. Def l ec t ion  checks were made, b u t  only excess ive  
def lec t ion  w i l l  a f f e c t  t h e  beam design. The following equations and 
formulas a r e  used f o r  t h e  beam ana lys i s .  
v w l  = -
max. 2 
3 
6 w l  = -  
, max. 3 8 4 ~ 1  
. 
The beam length  1 and the  number of beams n a r e  determined 
' graphical ly.  The beams cannot abut t h e  circumference of t h e  outer-wall 
c i r c l e  because of attachment f i t t i n g s ;  the re fo re ,  a  p r e c i s e  t r igono- 
metric  determination of t h e  length  i s  unnecessary. Also, when t h e  beam 
spacing i s  va r i ed ,  a  graphica l  determination minimizes t h e  e f f o r t  
required t o  approximate t h e  beam lengths .  The beams a r e  posi t ioned 
symmetrically about t h e  cen te r  of t h e  f l o o r ,  thus  accounting f o r  t h e  
f a c t o r  n. 
5.2.2 Honeycomb Sandwich S t ruc tu re  
The formulas and equations f o r  t h e  ana lys i s  of t h e  honeycomb sandwich 
s t r u c t u r e  a r e  found i n  reference  9. It i s  assumed t h a t  t h e  sandw5ch 
paneling i s  rec tanguiar .and f ixed  a t  a l l  edges. The face-sheet th ick-  
ness i s  chosen a r b i t r a r i l y  as 0.020 inch,  which'appears t o  be a prac- 
t i c a l  s i z e  f o r  a  f l o o r  surface  t h a t  must withstand t r a f f i c ,  impacts 
from dropped equipment, and s o  f o r t h .  The f a c e  shee t s  a r e  constructed 
of aluminum with a t e n s i l e - y i e l d  s t r eng th  of 30, 000 ps'i .  The core i s  
aluminum t h a t  has a  dens i ty  of 4.5 l b / f t 3 ,  a  shear  s t r eng th  of  205 p s i ,  
and a shear  modulus of e l a s t i c i t y  G of  25 600 p s i .  The r a t i o  of 
C 
s i d e  lengths  i s  assumed t o  be  t h a t  which gives a  c lose  approximation 
f o r  t h e  s e l e c t i o n  of p l a t e  parameters f o r  maximum bending moment and 
shear load. The maximum bending moments and shear loads a r e  determined 
from standard i s o t r o p i c  p l a t e  theory ( r e f .  l o ) ,  and ' these  load values 
a r e  used i n  t h e  sandwich-structure equations. The following equations 
apply 
M 
max. 
= ~ w d ~  
V = awd 
max . 
D = B 
l - v  2 
5.3 CALCULATIONS 
5.3 .1  Beams 
The ca lcu la t ions  a r e  omitted, but  t h e  r e s u l t s  of t h e  beam-spacing 
ana lys i s  a r e  presented i n  t a b l e  XII. The sec t ion  modulus i s  determined, 
and a beam with t h e  approximate sec t ion  modulus required i s  se lec ted  
from tabu la ted  beam d a t a  ( r e f .  7 ) .  Then, t h e  corresponding i n e r t i a  and 
a rea  a r e  used from t h e  e x i s t i n g  da ta .  By using t h i s  technique,  t h e  
. time requi red  f o r  ca lcu la t ion  i s  saved with only a . s l i g h t  s a c r i f i c e  i n  
optimizat ion . 
5.3.2 Honeycomb Sandwich S t ruc tu re  
The d e t a i l e d  mathematical ca lcu la t ions  a r e  omitted. The r e s u l t s  
. . of t h e  ana lys i s  a r e  given i n  t a b l e  XIII. 
. . 
5.4 SUMMARY 
The combined weights of t h e  beams and t h e  honeycomb sandwich 
s t r u c t u r e  a r e  given i n  t a b l e  X I V .  Based on combined weight, a 48-inch 
beam spacing,  which gives a t o t a l  weight of approximately 1700 pounds, 
i s  chosen. The genera l  geometrical  layout  of t h e  beam network t h a t  i s  
posi t ioned symmetrically about t h e  tunne l  i s  shown i n  f i g u r e  7. 
6.0 COMPUTATION OF TUNNEL THICKNESS AND 
TUNNEL WEIGHT 
6.1 TUNNEL THICKNESS AND TUNNEL WEIGHT OF LQM 1 
The tunnel  must withstand a 14.65-psi pressure  d i f f e r e n t i a l  ( i n t e r -  
n a l  o r  ex te rna l )  and t h e  tens ion loads induced by t h e  end bulkheads. 
The tunnel  wal l  th ickness  t h a t  w i l l  meet these  requirements i s  computed 
a s  follows. 
6.1.1 External  Pressure D i f f e r e n t i a l  
A w a l l  thickness i s  required such t h a t  no buckling i n  t h e  skin  
occurs a s  a r e s u l t  of t h e  ex te rna l  pressure  d i f f e r e n t i a l .  Given a 
pressure l i m i t  of 14.65 p s i ,  a s a f e t y  f a c t o r  of 2 ,  a pressure  design of 
29.30 p s i ,  and using t h e  equation 
t h e  computation i s  completed a s  follows. I f  ri = 36 inches ,  
7 1' = 108 inches,  E = 1 x 10 p s i ,  and v = 0.3, then 
t 2 0.320 i n .  ( 5  1 
A wall  th ickness  of 0.320 inch i s  needed t o  prevent buckling caused by 
an ex te rna l  pressure  d i f f e r e n t i a l  of 14.65 p s i .  
6.1.2 I n t e r n a l  Pressure  and End-Bulkhead Loads 
A wa l l  th ickness  i s  requi red  such t h a t  s t r e s s  f a i l u r e  i n  t h e  hoop 
d i r e c t i o n  does not occur. Given a pressure  l i m i t  of 14.65 p s i ,  a 
sa fe ty  f a c t o r  of 1 . 5 ,  a pres'sure design of 21.9 p s i ,  and using a hoop 
s t r e s s  equation,  t h e  wa l l  th ickness  i s  computed a s  fol lows.  
- 788 s 30 000 p s i  
t 
t 1-0.000026 i n .  
The long i tud ina l  s t r e s s  i s  caused by i n t e r n a l  pressure and by t h e  
loads induced by t h e  end bulkheads. A wal l  thickness i s  required such 
t h a t  s t r e s s  f a i l u r e  i n  t h e  long i tud ina l  d i r e c t i o n  does not occur. The 
wall th ickness  i s  computed a s  fol lows.  
From sec t ion  '4.1.2 
The ul should be  l e s s  t han  o . Therefore 
Y 
. . 
t 2 0.144 i n .  (7 
*: 
The only th i ckness  t h a t  w i l l  s a t i s f y  i n e q u a l i t i e s  ( 5 ) ,  (6), and (7) f o r  
t i s  t 0.320 inch .  By us ing  0.320 inch  f o r  t h e  tunne l  t h i c k n e s s ,  
t h e  weight of t h e  LQM 1 tunne l  i s  g iven  by 
6.2 TUNNEL THICKNESS AND TUNNEL WEIGHT OF LQM 2 
The t u n n e l  t h i ckness  of LQM 2 i s  t h e  same a s  t h a t  of LQM 1, b u t  
t h e  l eng th  i s  d i f f e r e n t .  The tunne l  weight of LQM 2 i s  c a l c u l a t e d  as 
fo l lows  . 
' 7.1. GENERAL 
The end bulkheads are used to close off the ends of the main space- 
base modules to allow for pressurization. Although the ideal configura- 
tion incorporates the lightest weight bulkhead capable of doing the job, 
this design usually is unacceptable because of the relatively large 
space requirements. For example, either a hemispherical shell or a 
slightly ellipsoidal shell is the' most likely candidate for an end 
closure on the outboard and inboard ends of LQM 2 and on the outboard 
end of LQM 1. The use of a hemispherical shell results in the addition 
of 15.5 feet to each of the ends; the use of an ellipsoidal shell re- 
sults in the addition of approximately 11 feet to each end. Decreasing 
,the semiminor axis of the ellipsoid to save space requires the addition 
of a reinforcement ring to compensate for compressive hoop stresses and 
adverse deflections. The .resulting weight increase depends on the size 
and strength of ring required. 
The optimum space-saving design is a flat-plate type of design 
wherein the shell is a network of beans with an appropriate covering. 
This configuration results in large weight penalties. Even if the out- 
board bulkhead for each LQM functions as the outboard floor, the ap- 
proach is undesirable because of the amount of weight. Neither the 
ideal structural design nor the ideal minimum-space design is particu- 
larly satisfactory; consequently, some compromise between the two 
designs must be made. 
Before settling on a design approach, the existing interface or 
boundary conditions must be examined. Establishing the correct condi- 
tions often creates problems; in this case, however, a solution to the 
problem is offered that allows a straightforward membrane analysis 
without requiring the use of excessive reinforcements. At the same 
time, the amount of added length is reduced to an acceptable value. 
Although the maximum allowable length to which the space-base modules 
can be extended has not been defined, the selected design is believed 
to be within the permissible envelope. 
For the cylindrical body of LQM 2 with the 6-foot tunnel located 
axisymmetrically, the use of a semitoroidal shell connecting the tunnel 
to the cylinder wall at the inboard- and outboard-bulkhead locations 
appears to be an ideal design. A hemispherical or slightly ellipsoidal 
closing over the outboard end of the tunnel would complete the outboard 
bulkhead, and a relatively flat hatch inside the tunnel at the inboard- 
bulkhead location would complete the LQM 2 pressure vessel. The hatch 
would be a temporary removable c losure  t h a t  would be used only during 
launch and as an emergency c losure  during operation. 
The same semitoroidal  s h e l l  a t  t h e  outboard-bulkhead loca t ion  and 
t h e  same type of temporary hatch proposed f o r  LQM 2 a r e  required f o r  
LQM 1. A d i f f e r e n t  approach i s  required  f o r  t h e  inboard-bulkhead 
loca t ion  of LQM 1. Because t h e  bulkhead a t  t h i s  loca t ion  a c t s  as  t h e  
r e s t r a i n t  f o r  t h e  tunne l ,  t h e  bulkhead must put  a loading i n t o  the  
tunnel  equal t o  t h e  loading put  i n t o  t h e  tunnel  a t  t h e  outboard s t a t i o n  
of LQM 2. The loadings a t  t h e  outboard bulkhead of LQ,M 1 and a t  t h e  
inboard bulkhead of LQM 2 e f f e c t i v e l y  cancel each o the r  and, the re fo re ,  
make no contr ibut ion t o  reac t ing  t h e  tension load i n  t h e  tunnel .  I n  
t h e  opera t ional  mode, a pressure  d i f f e r e n t i a l  across t h e  inboard bulk- 
head of LQM 1 does not e x i s t .  This condition precludes t h e  use of 
pressure t o  counteract  t h e  tunnel  loading;  t h e  pressure must be reacted  
by t h e  bulkhead i t s e l f .  I n  add i t ion ,  t h e  inboard bulkhead must be 
capable of r eac t ing  pressure  from e i t h e r  s i d e  because LQM 1 possibly 
may l o s e  pressure  while t h e  hub and t h e  tunnel  leading t o  LQI 2 remain 
pressurized.  The discussion of  t h e  inboard bulkhead i s  defined fu r the r  
i n  sec t ion  7.4.  To complete t h e  pressure-holding requirements of LQM 1, 
t h e  tunnel  has a temporary hatch a t  t h e  inboard-bulkhead loca t ion  s i m -  
i l a r  t o  t h e  hatches previously mentioned. 
0 
Because t h e  scope of t h i s  p a r t i c u l a r  analys is  does not include t h e  
design of windows, doors, hatches,  and so  f o r t h ,  t h e  th ree  temporary 
hatches t h a t  c lose  t h e  tunne l  a t  t h e  various loca t ions  a r e  not consid- 
ered i n  t h i s  sec t ion.  The ana lys i s  includes semitoroidal  s h e l l s ,  t h e  
inboard bulkhead of LQM 1, and t h e  tunnel  end c losure  on t h e  outboard 
loca t ion  of LQ,M 2. 
7.2.1 General 
The goal  i s  t o  design minimum-weight end bulkheads t h a t  require  a 
minimum &mount of space. .The weight and space parameters can be met 
by using t h e  semitoroidal  s h e l l  with an e l l i p t i c a l  cross  sec t ion.  
Determination of t h e  exact  amount of e l l i p t i c i t y  t h a t  can be t o l e r a t e d  
and t h e  r e s u l t i n g  s t r e s s e s  i s  t h e  object ive  of t h i s ' a n a l y s i s .  
7.2.2 Equation Derivation 
The design and nomenclature t o  support t h e  ana lys i s  a r e  shown i n  
f igures  8, 9 ,  and 10. The t o r o i d a l  shell.  i s  formed by t h e  revolution 
of a semiel l ipse  with t h e  major diameter 2a and minor diameter 2b around 
an axis  with a radius  r. The analys is  examines the  por t ion of t he  
s h e l l  designated A-A-B-B ( f i g .  8) so  t h a t  t he  only membrane forces  
a t  B-B a r e  hor izon ta l ,  and t h e  v e r t i c a l  components of t he  membrane 
forces e x i s t  only a t  A-A. The pos i t ive  values of the  var iable  x '  
a r e  from the  center  of t he  e l l i p s e  outward, and t he  pos i t ive  values 
of t he  var iable  y '  a r e  from the  center  of t he  e l l i p s e  upward. 
The equation of e l l i p s e  i s  
The equation of equilibrium from f igures  8 and 9 i s  
( T  1 2 2 r + x' s i n  $N = p[(x' ) + 2rTx1 4 I 
From figure 9 
-ayl 
sin 4 = 
1/2 
sin I$ = 
From equation (8) 
where y' is positive for the upper half of the ellipse. Then 
Subs t i tu t ing  equation (11) i n t o  equation (10) 
bx ' 
s i n  Q = 
112 b2(x1  )' 
. a [a2 - ( xv 2] 11 + 
- ( x 1 l 2 1  
bxl  
s i n  9 = - 
. , [a4 - a2(k1 l2  + b 
Subs t i tu t ing  equation (12) i n t o  equation ( 9 )  
Equation (13)  i s  thee expression f o r  t h e  meridional  forces  (pounds per  
l eng th )  and i s  i n  agreement with reference  11. 
From reference  10  
From reference  12  
From equation (8)  
. From f i g u r e  9 
L 
0 r = -  
8 s i n  @ 
Using equation (12) 
Substituting equations (17) , (16) , and (13) into equation (14) 
Reducing equation (18a) 
The expression f o r  the  hoop forces  No i s  i n  agreement with 
reference 11. 
The term [a4 - (x' )2(a2 - b2) ]  i s  always pos i t ive  because the  
~ - 
m a x i m u m  value of (x '  ) 2  i s  a2 and, the re fore ,  t he  minimum value of 
2 2 t h e  bracketed term is. a b . The maximum value of the  bracketed 
4 
term ( a t  x '  = 0) i s ,  a . Therefore, N m  i s  always pos i t ive  because 
2rT + X' and r + x f  a r e  always pos i t ive  T ( r  > x ) The meridional 
s t r e s s e s  a r e  g rea te r  than t he  hoop s t r e s s e s ,  and, the re fore ,  d i c t a t e  
t he  s h e l l  thickness.  This hoop s t r e s s ' m a x i m ~ v a l u e  i s  a t  x' = -a. 
@ For t he  hoop force  No, a l l  of t he  individual  terms a r e  pos i t ive ;  
consequently, hoop s t r e s s e s  can become compressive only i f  the  numerator 
of ,equation (18a) i s  negative; t h a t  i s ,  i f  
4 
a (2rT + xl) > 2p (rT + x ' )ca4 - - b2)] 
The minimum allowable value of b i s  t h a t  obtained when t he  hoop force 
reaches zero. From equation (18a) ,  Ne i s  minimum a t  x '  = +a. 
Therefore, subs t i t u t i ng  x '  = +a i n  t he  previous inequal i ty ,  the  mini- 
mum value of b can be determined by changing t he  inequal i ty  t o  an 
equal i ty .  
60 
Theref ore  
'and 
. . 
b 
-- 
a (19)  
min. 
The formula f o r  t h e  length of t h e  perimeter of an e l l i p s e  ( r e f .  12)  i s  
;here k = (1 + ~ j m  + a m  + -  a - b  l 2  ' m 6 + . . . )  a n d m = -  256 a + b*.  
The approximate a rea  of t h e  semitoroidal  cross sec t ion  of thickness 
t i s  
The approximate volume of t h e  semitoroidal  s h e l l  ma te r i a l  i s  
volume = 2 n r T ( ~ )  = nrTPt 
and t h e  weight i s  
7.2.3 Calculations 
Given 
r = 9.25 f t  
T 
a = 30 000 p s i  
Y 
' f s  = 1.5 
From equation (19) 
To determine the  maximum meridional s t r e s s  
From equation (13), s e t t i n g  x' = -a y ie lds  
t = 0.141 i n .  
To determine weight 
a - b  m = - -  
a + b  - 0.056635 
Therefore 
P = 37.202 f t  
For p = 0.1 l b / i n 3  and from equation (23) 
7.3 TUNNEL END CLOSURE 
7.3.1 General 
Analyses of spher ical  and e l l i p t i c a l  pressure closures a re  avai l -  
able  from many sources. The maximum meridional forces  f o r  e i t he r  
spher ical  or  e l l i p t i c a l  pressure closures a r e  t h e  same because t h e  
forces  equal t h e  projected a rea  multiplied by t h e  pressure and divided 
by t h e  perimeter. However, t h e  e l l i p t i c a l  pressure closure develops 
compressive hoop s t r e s se s  i f  t h e  square of t he  semimajor axis  exceeds 
twice t he  square of t h e  semiminor ax i s  ( r e f .  10 ) .  
The choice between t h e  hemispherical or e l l i p t i c a l  closure should 
be based on weight and space. The e l l i p t i c a l  closure weighs s l i gh t l y  
l e s s  than t h e  hemispherical closure. The consideration of space i n  t h i s  
analysis  i s  opposite t h a t  used f o r  t he  semitoroidal s h e l l .  Because the  
semitoroidal s h e l l  extentis t h e  end of t h e  s t ruc ture  approximately 
5.5 f e e t ,  t he  c losure  of t h e  tunnel can be accomplished by any means as  
long a s  t h e  extension of 5.5 f e e t  i s  not exceeded. Actually, maximum 
space, which would allow f o r  incorporation of elevator mechanisms or 
other funct ional  equipment, may be desi rable .  Because of t he  previously 
mentioned considerations and because t he  analysis  i s  straightforward,  
t h e  calcula t ions  f o r  both t h e  hemispherical and e l l i p t i c a l  closures a re  
presented, leaving t h e  choice of t he  type of closure t o  be made a t  a 
l a t e r  date.  
7.3.2. Calculations 
7.3.2.1 Hemispherical closure'.- From reference 10 
fs ' .=  1 .5  
s f  = 1.25 
a = 3.0 f t  
p = 14.65 p s i  
. . 
t = 0.017 in. 
This thickness is insufficient to be practical. Because the closure 
will be welded, handled during assembly, and so forth, the thickness is 
increased arbitrarily to 0.10 inch. 
3 For p = 0.1 lb/in 
7.3.2.2 Elliptical closure.- Because the maximum meridional 
forces will be the same for the elliptical closure as for the hemi- 
spherical closure, the thickness will be the same (t = 0.10). If 
- 
a = 3 feet and a2 > 2b2, then 
The approximate surface  a rea  f o r  an e l l i p s o i d  of these  dimensions i s  
45.7 ft2. Therefore, t h e  weight i s  
3 For p = 0 .1  l b / i n  
w = 66 l b  
7 . 3 . 3  Summary 
The 81-pound hemispherical c losure  adds 3 f e e t  of length t h a t  
' 
- would be ava i l ab le  f o r  t h e  incorporat ion of funct ional  equipment. 
Although t h e  l i g h t e r  66-pound e l l i p s o i d a l  c losure  has a weight advan- 
t age ,  t h e  2 .1  f e e t  of added l eng th  o f f e r s  l e s s  space f o r  equipment. 
e 
. 
7.4 INBOARD BULKHEAD FOR LQM 1 
7.4.1 General 
The purposes of t h e  inboard-bulkhead c losure  a r e  (1) t o  function 
a s  a pressure w a l l  f o r  pressure  ac t ing  from e i t h e r  d i rec t ion  and ( 2 )  t o  
serve a s  a device t o  r e a c t  t h e  tunnel  loading t h a t  o r ig ina tes  from t h e  
inner  perimeter of t h e  semitoroidal  s h e l l  and tunnel  c losure  t h a t  a r e  
located  on t h e  outboard end of LQM 2. These loads t o t a l  approximately 
570 000 pounds and must be reac ted  i n  some manner by t h e  inboard bulk- 
head of L&M 1. I n  genera l ,  t h e  reasoning used i n  choosing a t o r o i d a l  
s h e l l  f o r  t h e  o ther  pressure  c losures  a l s o  appl ies  t o  t h e  inboard- 
bulkhead c losure ;  however, a t o r o i d a l  s h e l l  alone cannot withstand t h e  
tunnel  loading. Also, because t h e  c losure  a rea  i s  s i g n i f i c a n t l y  smaller 
than t h a t  of t h e  other c losures ,  a f l a t - p l a t e  type of c losure  may be a 
competitive design. 
An add i t iona l  s t r u c t u r e  such a s  tens ion rods or  shear webs may be 
required t o  r e a c t  t h e  tunnel  loading.  A p a r t i a l  t o r o i d a l  s h e l l  with a 
cross-sect ional  radius  of curvature  equal t o  t h a t  of t h e  l a rge r  t o r o i d  
at t h e  outboard end of LQJ4 1 is  another means by which t h e  tunnel  load- 
ing  can be counteracted. This type of s h e l l  would be tangent t o  t h e  
tunnel .  The s h e l l  would r e a c t  t h e  tunne l  loading equally;  however, a 
re in fo rc ing  r i n g  at  t h e  outer  wa l l  would be required t o  t a k e  t h e  r a d i a l  
component of t h e  i n t e r f a c e  load because t h e  s h e l l  would not  be  tangent  
a t  t h e  outer  wal l .  
Several  conf igura t ions  were examined before  a conclusion concern- 
ing  t h e  type  of bulkhead t o  be  used was reached. 
a. Toroidal  s h e l l  with t ens ion  rods 
b. F l a t  p l a t e  wi th  t ens ion  rods 
c. Toroidal  s h e l l  with shear  webs 
d. F l a t  p l a t e  with shear  webs 
e .  Conical s h e l l  
f .  A p a r t i a l  t o r o i d a l  s h e l l  which has a  cross-sec t ional  r ad ius  of 
curvature equal t o  t h a t  of t h e  l a r g e r  t o r o i d a l  s h e l l  
The genera l  design of each of t h e s e  configurat ions i s  depicted i n  
f i g u r e s  11 t o  16,  r e spec t ive ly .  The following analyses examine t h e  
- requirements f o r  using t ens ion  rods and shear webs t o  r e a c t  tunnel  
loading. These requirements a r e  combined with t h e  requirements f o r  t h e  
t o r o i d a l  s h e l l  and t h e  f l a t - p l a t e  type  of pressure  b a r r i e r ,  r e s u l t i n g  
i n  four workable systems. The four systems, then,  a r e  compared with 
t h e  f i f t h  approach (which incorpora tes  a  conical-frustrum s t r u c t u r e  t o  
funct ion  a s  a  pressure  b a r r i e r  and t o  r e a c t  tunnel  rods )  and t o  t h e  
s i x t h  approach t h a t  incorporates t h e  p a r t i a l  t o r o i d a l  c losure .  A choice 
of bulkhead i s  made by using weight a s  t h e  primary f a c t o r  f o r  evaluat ion.  
7.4.2 Tension Rods 
7.4.2.1 General. - Two v u i a b l e s  must be considered when t ens ion  
rods a r e  analyzed. F i r s t ,  t h e  number of rods t o  be used i s  considered; 
second, t h e  angle a t  which t h e s e  rods should be pos i t ioned i s  determined. 
The rods a r e  pinned t o  s t r u c t u r a l  r ings  t h a t  a r e  loca ted  on t h e  ou te r  
wa l l  and on t h e  tunnel .  The loading i n t o  t h e  r i n g  improves with t h e  
increase  i n  t h e  number of rods used. However, t h e  number of rods i s  
l imi ted  because enough space must be l e f t  between rods t o  allow a man t o  
pass. Because of  t h i s  l i m i t a t i o n ,  10 rods were used. Approximately 
10 square f e e t  of passage a r e a  i s  ava i l ab le  wi th  t h i s  conf igura t ion .  
The following ana lys i s  provides s u i t a b l e  da ta  f o r  t h e  s e l e c t i o n  of t h e  
angle a t  which t h e  rods should be posi t ioned.  
. 7.4.2.2 Analysis .- From f i g u r e  17,  i f  nF = t unne l  loading 
(30' 191 l b / f t  ) , t hen  v 
flv = 30 191(6n) ~b (24) 
and 
CM = 0 = Fvl s i n  8 - Fhl  cos 8 Q. 
Fh = Fv t a n  8 
. . 
I f  t i tan ium rods with a y i e l d  s t r eng th  of 150 000 p s i  a r e  used,  
F 
0 = - ( f s )  
Y A  
2 2 
2 - (30 1 9 1 1 ~ ( 6 n ) ~  + (30 1 9 1 ) ~ ( 6 n )  t a n  8 F ~ = F ~ ~ + F ~ ,  , n 2 n 2 
. ( 2 5 )  
then 
Aa 
F = 2 = 100 OOOA f s  
A = (3.0191)(0.6)(n)  
n cos 8 
The expression f o r  t h e  t o t a l  weight o f , t h e  t ens ion  rods i s  
If 1 = 2a/sin 8 ,  then 
. w =  ~ A P  ( 2 4  
s i n  8 
W =  ( 3 . 0 1 9 1 ) ( 0 . 6 ) ( ~ )  (p)T2a) 
cos 8 s i n  8 
From f i g u r e  17,  t h e  expression f o r  t h e  extended l eng th  e below t h e  
outer  r i n g  i s  
e = 1 cos 8 
2a = 42 i n .  
e = 
42 cos 8 
s i n  8 
For t h e  weight t o  be minimized, s i n  8 cos 8 must be a maximum 
value. By d i f f e r e n t i a t i n g  t h i s  expression with respect  t o  8 and se t -  
t i n g  it equal t o  zero, t h e  value of 8 t h a t  makes s i n  8 cos 8 a 
maximum can be determined. 
d ( s i n  8 cos 8 )  = 
- d8 
( s i n  8 ) ( - s in  8 )  + (cos 8 ) ( c o s  8 )  = 0 
2 2 
s i n  8 = cos 8 
s i n  8 = cos 8 
The rod angle of 45' w i l l  r e s u l t  i n  unnecessari ly high r a d i a l  loads 
i n t o  t h e  outer  r i n g ,  The r a d i a l  loads can be decreased by decreasing 
t h e  rod angle,  but  higher rod weight r e s u l t s .  I n  LQM 1, t h e  i n t e r f a c e  
of t h e  15-foot-diameter c y l i n d r i c a l  sec t ion  and t h e  conical  frustrum 
appears t o  be t h e  bes t  p r a c t i c a l  pos i t ion  f o r  t h e  attachment of t h e  
rods t o  t h e  tunnel .  By pos i t ioning t h e  rods a t  t h i s  i n t e r f a c e ,  a rod 
angle of approximately 7' i s ' ach ieved .  
The d a t a  presented i n  t a b l e  XV a r e  t h e  r e s u l t s  of equations (25),  
(29) ,  and (30) . It i s  ' an t i c ipa ted  t h a t  by reducing t h e  magnitude of 
t h e  r a d i a l  component of rod loading i n t o  t h e  r i n g s ,  t h e  weight saving 
t h a t  r e s u l t s  would be g rea te r  than t h e  increase  i n  rod weight. There- 
f o r e ,  a 7' rod angle i s  used t o  choose a rod design. 
7.4.3 Shear Webs 
7.4.3.1 General.- Many methods e x i s t  by which shear webs can be 
used t o  r e a c t  tunnel  loading. The volume i n  which these  webs w i l l  be 
located  can be used f o r  mate r i a l  s torage  or  tankage (water, f o r  example). 
This use necess i t a t es  a shear-web p a t t e r n  t h a t  would allow reasonable 
designs f o r  tankage o r  shelving. Also, adequate room f o r  stairway pas- 
sage must be avai lable .  Because t h e  primary design s t r e s s  w i l l  be from 
bending, t h e  cross-sect ional  moment of i n e r t i a  should be comparatively 
l a rge .  This c r i t e r i o n  i s  suggest ive t h a t  having severa l  s e t s  of webs, 
each of which has a high moment of i n e r t i a  i n  proportion t o  t h e  height ,  
would be des i rab le .  An arrangement of shear webs spaced s o  t h a t  t o r o i -  
d a l  tanks could be placed between t h e  webs i s  poss ib le .  
The shear-web i n t e r f a c e  with t h e  wa l l  s t r u c t u r e  a l s o  must be eval- 
uated.  - The webs w i l l  be pu t t ing  shear force  and l a r g e  moments i n t o  t h e  
wal l .  The wa l l ,  which is  primari ly a pressure vesse l ,  should be re in-  
forced l o c a l l y  t o  prevent buckling o r  loca l i zed  fa? lu re .  The shear web 
i n t e r f a c e  with t h e  wal l  s t r u c t u r e  w i l l  be considered only i f  t h e  shear- 
web approach becomes a competitive design. For i n i t i a l  comparison, only 
t h e  shear webs a r e  analyzed. 
A r igorous ana lys i s  would be required  t o  examine a l l  of t h e  va r i -  
ables  t h a t  a r e  poss ib le  during optimization of t h i s  design. For t h i s  
reason, a  somewhat a r b i t r a r y  establishment of c e r t a i n  parameters i s  made 
t o  f a c i l i t a t e  t h e  ana lys i s .  F i r s t ,  t h e  number of shear webs i s  consid- 
ered. It appears l o g i c a l  to. p lace  t h r e e  s e t s  of four  shear webs 
(12 webs) 90' apa r t .  Second, it i s  es tab l i shed  t h a t  t h e  webs a r e  I-bea 
with an 0.25-inch f lange th ickness ,  an 0.25-inch web th ickness ,  and a 
6-inch f lange width. The maximum allowable de f lec t ion  of t h e  webs . i s  
0.01 inch. The following ana lys i s  determines t h e  physica l  requirements 
of t h e  shear webs . i f  t h e  webs g e  f ixed  a t  t h e  outer  wal l .  The t o t a l  
weight i s  based on t h e  previously mentioned assumed parameters and i s  
used f o r  comparison with t h e  tens ion rod weights. 
. . 
. . 
7.4.3.2 An'a1ysis.- The.shear-web configurat ion i s  shown i n  
f i g u r e  18. Because t h e  shear webs a r e  f ixed t o  t h e  tunnel  and d e f l e c t e  
down, t h e  slope a t  point  g i s  zero. Combining appropr ia te  examples 
from reference  18,  t h e  following equations apply. 
v - F - - 
max. n 
v 
'I - max . - -
rnax . A 
. . 
. . 
. . 
.The deflection is 
From the assumption %hat 6 = 0.01 Q 9max * 
,. . 
~ssumin~ n = 12' and if 
, ' .  
F ='570 000 lb 
6 E = 10.5(10) psi 
then 
The following calculations were performed to determine the shear-web 
cross section (fig, 19). 
Substituting t = 0.25 inch and d = 6.0 inches in equation (37) 
. - Solving f o r  h y i e l d s  
h = 31.3 i n ,  
From equation (38) 
The weight per  web equals  A l p ;  t he re fo re  
For 1 2  beams, t h e  weight i s  545.58 pounds. 
7.4.3.3 Summary.--Although t h e  t o t a l  weight of t h e  shear webs i s  
based on a somewhat a r b i t r a r y  s e l e c t i o n  of parameters, it appears t h a t  
enough weight saving i s  obtained by t h e  7' tens ion rod t o  discontinue 
f u r t h e r  shear-web evaluation.  If t h e  weight saving alone does not 
j u s t i f y  t h e  el imination of t h e  shear-web approach, then t h e  complexity 
of securing t h e  webs t o  t h e  outer  w a l l  and t h e  subsequent weight 
increase  t h a t  r e s u l t s  with t h e  increased s t r u c t u r e  i s  enough t o  d is -  
courage shear-web use.  
7.4.4 Toroidal  Bulkhead 
, 
7.4.4.1 General.- The pressure  bulkhead must s u s t a i n  t h e  pressure  
from e i t h e r  d i rec t ion .  With a semitoroidal  s h e l l ,  only t e n s i l e  mem- 
brane s t r e s s e s  w i l l  r e s u l t  with i n t e r n a l  pressure ;  compressive buckling- 
type s t r e s s e s  w i l l  r e s u l t  when t h e  pressure  i s  reversed. If a complete 
t o r o i d a l  s h e l l  were i n t e r n a l l y  pressur ized t o  t h e  operat ing pressure ,  
t h e  s h e l l  would experience only t e n s i l e  s t r e s s e s .  However, t h e  weight 
of t h e  complete t o r o i d a l  s h e l l  i s  twice t h a t  of a semitoroidal  s h e l l ,  
which experiences only tension.  On t h e  o ther  hand, a semitoroidal  s h e l l  
capable of withstanding ex te rna l  pressure w i l l  r equ i re  an increase  i n  
thickness t h a t  increases  t h e  weight accordingly. The analys is  deter -  
mines t h e  increase  i n  thickness required  t o  prevent buckling of a 
semitoroidal  s h e l l .  Then, t h e  weights of t h e  semitoroidal  s h e l l  and 
t h e  complete t o r o i d a l  s h e l l  a r e  compared. 
7.4.4'. 2 Semitoroid. - An 0.23-inch s h e l l  th ickness  i s  required f o r  
an ex te rna l ly  pressur ized  t o r o i d  ( r e f .  1 3 ) .  This th ickness  i s  based on 
a  c r i t i c a l  pressure  of 29.4 p s i  (minimum). Curves based on two param- 
e t e r s  (with t h e  th ickness  a s  a v a r i a b l e )  a r e  used t o  determine th ick-  
ness ,  This s e t  of curves genera l ly  i s  used f o r  analyses i n  which t h e  
' 
th ickness  i s  known and t h e  c r i t i c a l  pressure  can be found d i r e c t l y .  
Varying t h e  th ickness  t o  ob ta in  a given c r i t i c a l  pressure r equ i res  an . 
i t e r a t i v e  process with - in te rpo la t ion  which, while not exact ,  gives a  
good approximation of t h e  minimum permiss ib le  th ickness .  This th ick-  
ness i s  s i g n i f i c a n t l y  l a r g e r  than  t h a t  requi red  and compensates f o r  t h e  
20-percent sc ra tch  f a c t o r  t h a t  would be added t o  t h e  membrane s t r e s s  
th ickness .  
The weight of t h e  semitoroidal  s h e l l  i s  found by t h e  use  of 
equation (23) where P = 2na. 
7.4.4.3 ~ u l l  toroid.-  Applying t h e  ana lys i s  i n  sec t ion  7.2 t o  a  
c i r c u l a r  c ross  sec t ion  by s e t t i n g  a  = b ,  t h e  following ca lcu la t ions  
(using equation ( 1 3 ) )  determine t h e  requi red  th ickness  of t h e  f u l l  
to ro id .  
x! = -a(point  of maximum s t r e s s )  
This expression f o r  maximum s t r e s s  i n  a pressurized t o r o i d  with a 
c i r c u l a r  cross  sec t ion  i s  t h e  same a s  t h a t  contained i n  reference  8, 
x '  ( f s )  ( s f )  
t = 4 
u 
Y 
then 
t = 0.025 i n .  
Because t h e  th ickness  i s  t o o  small  t o  be  p r a c t i c a l ,  t h e  th ickness  i s  
increased t o  0.10 inch. The weight of a f u l l  0.10-inch-thick t o r o i d  i s  
2 
where A s  = 4n ar Subs t i tu t ing  t h e  value f o r  As T ' 
7.4.4.4 Sutrmary.- From t h e  da ta  presented,  t h e  conclusion can"be 
drawn t h a t  t h e  f u l l  t o r o i d  i s  t h e  p re fe rab le  choice. This i s  t r u e  
espec ia l ly  when it i s  r e a l i z e d  t h a t  t h e  th ickness  of 0.10 inch i s  
conservative.  Because t h e  f a c t o r  governing shell. th ickness  i s  t h e  
a b i l i t y  of t h e  s h e l l  t o  be worked and welded, t h e  th ickness  probably 
can be  reduced t o  l e s s  than 0.10 inch. 
The f u l l  t o r o i d  must be  -pressurized,  a requirement t h a t  i s  unnec- 
essary f o r  t h e  semitoroid. Thus, an opera t ional  o r  func t iona l  type  of 
problem e x i s t s  wherein t h e  f u l l  t o r o i d  must not l eak  and must be 
monitored. I f ,  i n  t h e  f i n a l  ana lys i s ,  t h e  t o r o i d a l  c losures  a r e  con- 
s idered  t o  b e  prime de,sign candidates,  these  problems w i l l  be examined 
i n  d e t a i l .  
7.4.5 Fla t -Pla te  Bulkhead 
7.4.5.1 General.- The more des i rab le  pressure  bulkhead i s  one i n  
which t h e  s t r e s s e s  a r e  of t h e  membrane type and i n  which minimum bend- 
ing s t r e s s e s  a r e  present .  Such i s  t h e  case with t h e  t o r o i d a l  s h e l l  
previously discussed. The complexity of f ab r i ca t ion  o r  volume require-  
ments may d i c t a t e  a f l a t - p l a t e  type of bulkhead i n  which t h e  primary 
s t r e s s e s  a r e  caused by bending. I f  t h e  bulkhead is r e l a t i v e l y  s m a l l ,  
such t h a t  weight pena l t i e s  a r e  small  with t h e  f l a t  p l a t e ,  then  it 
becomes necessary t o  consider an approach t h a t  i s  l e s s  than optimum. 
The purpose f o r  t h e  inclus ion of a  f l a t -p l a t e  analysis  i s  twofold. 
F i r s t ,  a  p o s s i b i l i t y  ex i s t s  t h a t  a  sandwich f l a t -p l a t e  bulkhead may be 
competitive; second, i f  requirements evolve fo r  which a  f l a t -p la te  
bulkhead would be preferable ,  t he  analysis  would be avai lable .  
7.4.5.2 Analysis.- The def lect ion a t  point 0 i s  taken t o  be 
zero, because t he  pTate i s  f ixed t o  t h e  tunnel ,  which i s  assumed t o  
have'no v e r t i c a l  movement. Both so l i d  and sandwich f l a t -p l a t e  bulkheads 
a r e  analyzed. 
7.4.5.2.1 Solid f  l a t -p la te  bulkhead : The following formula 
( r e f .  1 4  and f i g .  20) appl ies .  
where f3 i s  t h e  p l a t e  parameter f o r  bending, p  i s  t h e  applied.pres-  
sure,  and t i s  t h e  thickness.  
a 
By in te rpo la t ion ,  t h e  value of f3 f o r  t h e  given p l a t e  geometry 
i s  0.1834. 
t = 0.91 i n .  
7.4.5.2.2 Sandwich f l a t - p l a t e  bulkhead: To analyze a sandwich 
f l a t - p l a t e  bulkhead, it i s  necessary t o  determine t h e  maximum bending 
moment and shear  loads i n  t h e  p l a t e .  The loads a r e  determined f i r s t  
from standard i s o t r o p i c  p l a t e  theory  and then applied t o  formulas 
derived f o r  sandwich f l a t - p l a t e  cons t ruct ion .  The maximum bending 
moment and shear  loads a r e  developed i n  t h e  analys is  by t h e  use of  t h e  
approximate sandwich f l a t - p l a t e  cons t ruct ion  equations. The correc tness  
of t h e  approach i s  s u i t a b l e  f o r  t h e  purposes of t h i s  repor t .  The load- 
ings  a r e  determined from t h e  theory  described i n  reference  10;  r e f e r -  
ence 9 i s  used a s  a  guidel ine  f o r  t h e  sandwich f l a t - p l a t e  ana lys i s .  
. F o r  t h e  development of moment and shear-load equations,  t h e  fo l -  
lowing equations apply ( f i g .  21).  
' and 
where Q i s  t h e  shear  loading pe r  u n i t  l eng th ,  6 i s  t h e  d e f l e c t i o n ,  
and D i s  t h e  f l e x u r a l  r i g i d i t y  of  t h e  p l a t e .  By equil ibrium con- 
s i d e r a t i o n s ,  t h e  following equation can be w r i t t e n  f o r  t h e  shear  load 
a s  a  function of t h e  radius .  
From reference 14 
By in te rpo la t ion  
Then 
From equation (42) 
In tegra t ing  once gives 
2 3 pri  R i r i  L(.s)= %-- r l n r -  D r I n  r + CP d r  d r  
integrating again gives 
Dif fe ren t i a t ing  gives 
Solving f o r  t h e  two constants  of in tegra t ion  requires  t h e  use of 
boundary condit ions.  The s lope  d6/dr a t  t h e  p l a t e  i s  zero a t  
r = a  and r - b. Subs t i tu t ing  these  values i n t o  equation (46), t h e  
following two equations a re  .obtained.   h he two constants  can be 
determined from t h e  two equations.  ) 
e 
and 
from which 
and 
Theref ore 
Solving f o r  Mr a t  r = r and r = r (d&/dr  = 0 a t  these  two po in t s )  
o i 
and 
The negative s ign  ind ica tes  tens ion on t h e  t o p  surface .  
By inspect ion,  it i s  evident t h a t  t h e  moment i s  p o s i t i v e  i n  t h e  
region between r = r and r = r because t h e  bottom surface  i s  i n  
o i 1 
tens ion.  To obta in  t h e  point  a t  which t h i s  change i s  maximum, t h e  
de r iva t ive  of t h e  moment expression, equation (43) i s  s e t  equal t o  
zero. The value of r t h a t  s a t i s f i e s  t h i s  equation i s  determined, and 
t h e  magnitude of t h e  moment a t  t h i s  point  i s  determined and compared t o  
t h e  moment a t  r = ri t o  obta in  t h e  maximum moment i n  t h e  p la te .  
S u b s t i t u t i n g  equations ( 4 6 ) ,  ( 4 7 ) ,  and (49) i n t o  equation (48)  with t h e  
proper values of  p ,  r and Ri and us ing v = 0.3, t h e  fol lowing i ' 
fourth-order equation r e s u l t s .  
Solving equation ( 5 0 ) ,  r = 56.08. S u b s t i t u t i n g  t h i s  value i n t o  
equation (43)  g ives  
Mr ,r=56.08 = +803 in- lb / in .  
Therefore, t h e  maximum moment i s  a t  r = r and i s  i 
M = 2727 in- lb / in .  
max . 
Examining t h e  magnitude of t h e  r e a c t i o n  loading,  Ro - 268 l b / i n .  
( r e f .  1 4 ) .  The equation Ri = 399 l b / i n . ,  determined from equa- 
t i o n  ( 4 5 ) ,  i s  t h e  maximum shear  loading.  Therefore 
M = 2727 in- lb / in .  
max. . 
and 
Qmax . = 399 l b / i n .  
From reference 9 ,  t h e  following s t r e s s  equations a r e  used. 
and 
where. a = face sheet  s t r e s s  f 
T = core shear s t r e s s  
C 
Using core' mater ia l  k t h  T = 200 p s i ,  a density of 4.4 l b / f t3 ,  and 
C 
a fac tor  of sa fe ty  of 1 .5  
0 
. . 
. . 
. . tc + tf = -3.0 in .  
I f  face sheets  of 2219 aluminwn and a s a f e t y  f a c t o r  of 1 . 5  a re  used, then 
s u b s t i t u t i n g  equation (53) i n t o  t h e  denominator of equation (54) gives 
From equation (53) 
Therefore, use t = 0.05 inch and tc = 2.95 inches. f 
The expression f o r  t h e  weight of t h i s  sandwich f l a t  p l a t e  is  
Rings l i n e  t h e  inner  and outer  surfaces  of t h e  p l a t e  t o  serve as  
i n t e r f a c e  bands t h e t  a r e  welded t o  t h e  ou te r  wall .  Simple rec tangular  
sec t ions  a r e  used, and a weight analys is  i s  performed on cross sec t ions  
for  these  bands. The general  diagram f o r  t h i s  p l a t e  i s  shown i n  
f igure  22. The cross sec t ion  of t h e  bands is  s e l e c t e d  t o  be 0.125 
by 5.0 inches;  t h e  mate r i a l  i s  2219 aluminum. The weight of t h e  bands 
i s  
The t o t a l  weight of t h e  sandwich f l a t - p l a t e  c losure  i s  computed by 
adding t h e  weight of t h e  sandwich f l a t  p l a t e  t o  t h e  weight of t h e  
bands. 
7.4.6 Conical-Shell Bulkhead 
7.4.6.1 General.- A conical -shel l  bulkhead is  included f o r  analys is  
because t h e  pressure loading and tunne l  loading a r e  reacted  by t h e  same 
s t r u c t u r e .  This simple and s t ra ight forward analys is  i s  one i n  which a 
r e l a t i v e l y  t h i n  sk in  of constant  th ickness  i n  t h e  shape of a  conical  
frustrum is  used t o  connect t h e  tunnel  t o  t h e  ou te r  wall .  The need f o r  
. hatches i s  recognized, but  considerat ion of hatches i s  omitted from t h i s  
evaluation.  The tunne l  loading,  approximately 570 000 pounds, a c t s  a s  
t e n s i l e  loading on t h e  conical -shel l  bulkhead. The pressure  a c t s  i n  
e i t h e r  d i rec t ion ;  however, t h e  pressure  a c t s  only t o  put  t h e  s h e l l  i n  
compression when t h e  tunnel  loading i s  present  and t o  put t h e  s h e l l  i n  
tens ion when t h e  tunnel  loading i s  not present .  Also, because t h e  
pressure does not  a c t  under normal opera t ion,  t h e  only loading present  
i s  t h e  tunnel  loading. Because of t h e  magnitude of t h e  tunnel  loading,  
it i s  evident t h a t  t h e  more c r i t i c a l  loading case e x i s t s  when t h e  tunnel  
loading i s  present .  
The analys is  includes t h e  examination of t h e  maximum t e n s i l e  loading 
(which i s  caused only by tunne l  loading)  and s i z i n g  t h e  cone accordingly. 
The magnitude of t h e  compressive s t r e s s e s  i s  determined, although these  
s t r e s s e s  do not influence t h e  s i z i n g  i n i t i a l l y .  Circumferential buckling 
should not be a problem because of t h e  high t e n s i l e  loading; however, 
buckling i n  t h e  meridional d i r e c t i o n  poss ib ly  may occur. 
7.4..6.2 Analysis .  - Only equil ibrium loads a r e  considered during 
t h e  i n i t i a l  analys is  i n  which' conservative r e s u l t s  are  sought. If t h e  
t o t a l  weight appears t o  be competitive, a  more accurate analys is  w i l l  
be performed t o  determine i f  a  buckling problem e x i s t s  and i f  a  weight 
increase  i s  needed t o  compensate f o r  d i scon t inu i ty  loads a t  t h e  cone/ 
cyl inder  in te r face .  
- .  
From f igures  23 and 24 
N $,x cos . 4 ( 2 1 ~ r  x ) =  N$,itITri) 
. . .  
N iri 
N = 9 $ , x  x s i n  4 cos (I 
The i s  maximum f o r  t h e  minimum value of where r s i n  4 .  i 
N '  - N4 ,i 4 - 2 
s i n  4 cos I$ 
The angle of t h e  cone i s  a va r i ab le  t h a t  must be considered. The 
g r e a t e r  t h e  cone angle,  t h e  l a r g e r  t h e  r a d i a l  loads i n t o  t h e  r i n g s  t h a t  ' 
a r e  loca ted  i n  t h e  tunne l  and ou te r  wall .  Because t h e  analys is  i s  f o r  
- comparative p u r p o s e s , i t i s  acceptable t o  inves t iga te  t h e  optimum 
design even though such inves t iga t ion  would be impract ica l  f o r  o the r  
reasons. i he conical-sect ion ana lys i s ,  t h e r e f o r e ,  considers  t h e  opt i -  
mum design. The angle t h a t  gives t h e  minimum weight i s  s e l e c t e d  and 
t h e  weight is  used f o r  comparison. If t h e  cone i s  competi t ive,  then 
refinements w i l l  be made t o  t h e  analys is  t o  provide r e a l i s t i c  r e s u l t s ;  
otherwise,  t h e  conica l -shel l  design w i l l  be eliminated.. 
If 1 equals t h e  length  of t h e  s i d e  and 
r - ri 0 1 = 
s i n  r#~ 
then 
.n(ri  + ro)(ro - r ) 
- 
i 
As - ' s i n  9 
From equation ( 5 6 )  
N N -  
u - 9,max* = ¶  4I smax* t 2 t s i n  4 cos 9 
'41 ¶i t =  2 
u s i n  I$ cos 9 
. $ ,max. 
S u b s t i t u t i n g  equations (59) and ( 6 0 )  i n t o  equation (57) 
W =  "" + 'i)('o s i n 41 - 'i)( 
9 ,max. 
N , i p ~ ( r o + r i ) ( r o . - r i ) (  ; ) 
w = -  ' 
u 41 ,max. s i n  4 . ~ 0 s  9 
3 The weight i s  minimum i f  s i n  9 cos ( is  maximum. To f i n d  t h e  maximum 
3 
value of s i n  I$ cos $I 
d ( s i n 3 ~  cos 9) 2 2 4 
d4I 
= 0 = 3 s i n  d cos 4 - s i n  $ 
2 2 4 3 s i n  4 cos (I = s i n  4 
t a n  4 =&. 
From equation (61) and us ing r = 78, r = 36, and 4 = 60' 
o i 
The absolute minimum weight of t h e  conica l -shel l  c losure  i s  
approximately equal  t o  t h e  weight of  t h e  sandwich f l a t - p l a t e  closure 
with t ens ion  rods. Because of t h e  impract ica l  angle of  t h e  cone; t h e  
weight presented i s  u n r e a l i s t i c .  A more p r a c t i c a l ,  but  not necessar i ly  
t h e  b e s t ,  angle t o  consider i s  45'. The corresponding weight . f o r  t h i s  
conica l  s e c t i o n  would be  approximately 750 pounds, which does not  include 
t h e  considerat ion o f  any buckling reinforcement o r  d i scon t inu i ty  loading. 
If a l eg i t ima te  ana lys i s  of  a  conica l -shel l  c losure  were t o  be accom- 
p l i shed ,  t h e  s h e l l  would not be competitive with t h e  sandwich f l a t - p l a t e  
closure with t ens ion  rod o r  poss ib ly  with t h e  sandwich f l a t - p l a t e  closure 
with shear  webs. For t h i s  reason,  t h e  conical-shel l  c losure  was elim- 
ina ted  from considerat ion.  However, t h e  magnitude of t h e  compressive 
hoop loads  t h a t  e x i s t  i n  t h e  conica l  s h e l l  when L@1 1 i s  pressur ized  and 
when t h e .  hub has l o s t  pressure  was determined. Although t h e  magnitude 
of compressive hoop loads i s  not important t o  t h e  prel iminary ana lys i s ,  
t h e  determination se rves  t o  a s sess  compressive-hoop-load inf luence  on 
t h e  s h e l l .  
From referec~:r- :LO, t h e  r e l a t i o n s h i p  between meridional s t r e s s  and 
hoop s t r e s s  fnn e ~ , i  .--I- i s  given by 
. . 
Where r is %b.e .,rt..dius of  curvature i n  t h e  meridional d i rec t ion ,  4 
r i s  t h e  rad5us G:S curvature i n  t h e  circumferential  d i r e c t i o n ,  8 N$ 
and Ne are the r:.r' diona l  loading and hoop loading,  r e spec t ive ly ,  
and p is the prcsz:~?xe loading. 
For t h e  co&ca.::..-shell c losure ,  
r4  = -  and r = x t a n 4 .  . 0 . . 
N occurs- st. :!:ximuin . x ,  which i s  x = r e / s i n  0. Therefore 0 ,max. 
N reP = -  0 ,ma~ .  cos 4 
Using 4 = 450 
This ,magnitude is 2 :;i.c than neg l ig ib le  and would need t o  be considered 
i f  an extended =a: ;:: 3 s  were performed. 
7.4.7 P a r t i a l  Toroidal  Closure with Large 
Radius o f  Curvature , 
7.4.7.1 General.- The ana lys i s  of t h e  p a r t i a l  t o r o i d a l  c losure  must 
consider t h e  f a c t  t h a t  pressure  a c t s  from e i t h e r  d i r e c t i o n .  A f u l l  
(c losed)  t o r o i d  would not  be appl icable  because of t h e  p a r t i a l  geometry; 
consequently, only t h e  p a r t i a l  (open) s h e l l  i s  examined. Using re fe r -  
ence 1 3 ,  0.70 inch i s  found t o  be t h e  necessary th ickness  f o r  an exter -  
n a l l y  pressurized t o r o i d a l  s h e l l .  More information on t h e  semitoroid 
i s  ava i l ab le  i n  sec t ion  7.4.4.2. 
7.4.7.2 Analysis.- Using f igure  25,  t h e  surface  a r e a  of t h e  p a r t i a l  
t o r o i d a l  s h e l l  i s  determined a s  follows: 
(x. - 111)'2 + y2 = (75) 2 
Using i n t e g r a l  equat ion  ( 2 0 3 )  from re fe rence  1 5  
The weaght ( i n  pounds) is  found by mult iplying t h e  su r face  a rea  by: t h e  
th ickness  and mate r i a l  densi ty as follows. 
7.4.8 'Summary, Inboard Bulkhead Closure 
I f  weight i s  t h e  -only  fac to r .  considered, t h e  inboard bulkhead 
c losure  t h a t  combines tens ion rods t o  t a k e  tunnel  loading and a honey- 
,comb sandwich p l a t e  t o  ac t  as  a pressure bulkhead i s  t h e  optimum con- 
f igura t ion .  The t o t a l  weight determined by preliminary analys is  i s  
approximately 625 pounds, which i s  a r e l a t i v e l y  good es t imate  of t h e  
weight t h a t  could be determined by a de ta i l ed  analys is .  The fabr i -  
ca t ion of t h i s  type of closure requires  nothing unusual o r  new; t h u s ,  
t h e  approach i s  e n t i r e l y  p r a c t i c a l .  
Only t h e  presence of tens ion rods i n  t h e  cylindric 'al  volume might 
be obJectionable. The pos i t ion  of t h e  tens ion rods i s  not expected 
t o  be a ser ious  problem. However, i f  t h e  configurat ion proved t o  be 
unusable f o r  t h i s  reason, e i t h e r  t h e  conical  s h e l l  o r  p a r t i a l  t o r o i d a l  
s h e l l  could be used with a s a c r i f i c e  i n  volume and weight. A l l  con- 
cepts  have been presented t o  permit a r t h e r  evaluation. 
WEIGHT SUhDU&Y 
, The component weights and t o t a l  weights f o r  t h e  l i v i n g  quar t e r s  
. modules t h a t  were computed from t h e  s t r u c t u r a l  ana lys i s  and wej-ght- 
es t imat ing  technique a r e  presented i n  t a b l e  XVI.  The combined weights 
of LQ,M 1 and LQM 2,  computed a f t e r  t h e  s t r u c t u r a l  ana lys i s  was performed, 
is  69 438 pounds. 
A p red ic ted  weight of 99 282 pounds f o r  t h e  two l i v i n g  quar t e r s  
modules was obtained by t h e  use of a weight-estimating technique during 
an in-house study of space-base gu ide l ines ,  ground r u l e s ,  and configura- 
t i o n s  i n  May 1969. Included i n  t h i s  predic ted  weight a r e  the  weights of 
t h e  hatches,  windows, docking r i n g s ,  and s o  f o r t h ,  which were omitted 
from t h e  current  study. 
CONCLUSIONS 
The ana lys i s  t h a t  was performed on t h e  primary s t r u c t u r e  of t h e  
l i v i n g  quar t e r s  modules f o r  t h e  ear th-orbi t ing  space base has been pre- 
sented.  The pressure-skin th ickness ,  t h e  s t r i n g e r  spacing,  and t h e  
s t r i n g e r  sec t ions  were determined s o  t h a t  f a i l u r e  of each would occur 
simultaneously. The f l o o r s  were designed with a double-structure makeup. 
A network of support beams was designed t o  car ry  t h e  e n t i r e  load t o  
which t h e  f l o o r  i s  subjected.  The beams were spanned by aluminum honey- 
comb panels t h a t  d i s t r i b u t e  a uniform type of load t o  t h e  beams. Con- 
cent ra ted  loadings were c a r r i e d  d i r e c t l y  i n t o  t h e  beams. The tunnel  
th ickness  was determined s o  as  t o  withstand both i n t e r n a l  and ex te rna l  
pressure.  I n  add i t ion  t o  withstanding pressure d i f f e r e n t i a l ,  t h e  tunnel  
ac ted  a s  a t ens ion- t i e  between t h e  end-bulkhead closures.  
The end-bulkhead c losures  cons is ted  of t h r e e  semitoroidal  s h e l l s  
with e l l i p t i c a l  c ross  sec t ions  ( f o r  which t h e  tunnel  and outer  wa l l  a r e  
boundaries) and one f l a t - p l a t e  aluminum honeycomb closure.  The t o r o i d a l  
c losures  were r e l a t i v e l y  thinskinned s h e l l s  designed f o r  the  exis tence  
of membrane-type loadings.  The f l a t - p l a t e  c losure ,  r eac t ing  only pres- 
su re  at t h e  small  diameter end of l i v i n g  quar ters  module 1, was supple- 
# mented by t ens ion  rods t o  counteract  tunnel  loading. The tunne l  a t  t h e  
outboard end of l i v i n g  quar t e r s  module 2 was closed o f f  by a s l i g h t l y  
e l l i p s o i d a l  s h e l l .  
I n  summary, the .  prel iminary design determined by t h i s  study r e f l e c t s  
a minimum-weight s t r u c t u r e  t h a t  i s  based not only on t h e o r e t i c a l  s t r e s s  
analys is  but  a l s o ,  t o  a l a r g e  e x t e n t ,  on empirical  d a t a  and formulations. 
The design mate r i a l  and manufacturing requirements a r e  e n t i r e l y  f e a s i b l e ,  
and a good base-l ine design from which t h e  f i n a l  space-base s t r u c t u r e  
could evolve has been provided. The weight computed a f t e r  t h e  s t r u c t u r a l  
analys is  was performed i s  approximately 30. percent  l e s s  than t h e  pre- 
d i c t e d  weight. However, t h i s  value i s  within t h e  range of weight des i red  
i f  weight i s  added f o r  hatches,  windows, docking r i n g s ,  and s o  f o r t h ,  
which were omitted from t h e  ana lys i s .  Therefore, it i s  concluded t h a t  
the  accuracy of t h e  weight-estimation technique i s  acceptable.  
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TABLE I.- LIVING QUARTERS MODULE I EXTERNAL LOADS 
$ree-standing ground winds. , 
b ~ & i m u m  pa. 
C Firs t -s tage  end boost. 
. . .  
TABLE 11.- EXTERNAL LOADS CAUSED . 
BY INTERNAL PRESSW 
J 
L&M 1 
floor 
3 
. 2 
1 
o 
-1 
-2 
- 3 
- 4 
-5 
-6 
Aver age 
rad ius ,  in .  
178 
167 
151 
142 
132 
122 
91 
91 
9 1 
9 1 
No/p, in* 
52.2 
48.3 
42.9 
39.8 
36.4 
32.8 
21.9 
21.9 
21.9 
21.9 
TABLE 111.- LIMIT LOADS FOR LQM 1 
%ing only. 
L 
Limit tension load,  
l b  /in. 
2540 
1990 
1880 
1637 
1503 
1414 
1662 
1548 
1014 
729 
Floor 
3 
2 
1 
o 
-1 
-2 
-3 
a 
-4 
a - 
- 5 
'-6 
Limit compression load, 
, lb  /in. 
3038 
2481 
2518 
2152 
1786 
1474 
1798 
1335 
695 
410 
.TABLE.IV.- DESIGN LOADS FOR LQM 1 
. . 
&Ring only. 
i 
Tension load,  
l b  / in .  
3810 
2985 
2 820 
2455 
2255 
2121 
2493 
2322 
1521 
1094 
* 
Floor 
3 
2 
1 
0 
-1 
-2 
. -3 
' a  
- 4 
a 
- 5 
. 8  
-6 
A 
Compression load,  
l b / i n  . 
6076 
4962 
5036 
430 4 
3572 
2948 
3596 
2670 
1390 
820 
TABLE V.- STRINGER SPACING AND NUMBER OF 
STRINGERS PER FLOOR FOR LQM 1 
. . 
%inkl only. 
b ~ o  s t r i n g e r  required.  
# 
Floor S t r i n g e r  spacing,  u, i n .  N o .  of s t r i n g e r s  
137 
114 
103 
76 
71 
45 
48' 
37 . . 
3 4 
(b) 
3 
. 2 .. 
1 
o 
-1 
-2 
-3 
a 
-4 
a 
b 
8.15 
9.20 
. . .  
9.2 
9 9 
11.7 
17.03 
11.9 
15'. 5 . 
- 5 
a 
-6 
. . 
16.8 
(b 
TABU V1.- STRINGER CROSS-SECTION PROPERTIES F O R  LQI4 1 
a Ring only. . . 
. . 
b ~ o  s t r i n g e r  needed. 
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TABLE V I I 1 . -  LIMIT LOADS FOR LQM 2 
TABLE 1X.- DESIGN LOADS FOR LQ,M 2 
J 
Floor 
5 
4 
3 
2 
1 
Limit compression load ,  
l b / i n .  
1618 
1208 
9 82 
7-21 
454 
Design t ens ion  load,  
l b / i n .  
2822 
2387 
2126 
' . 1888 
1718.7 
Floor 
5 
4 
3 
2 
1 
Limit t ens ion  load,  
l b / i n .  
1881.9 
1592 
1417.5 
12 59 
1145.8 
Design compression load,  
l b / i n .  
32 36 
2 416 
1964 
1442 
908 
TABLE X.- STRINGER SPACING AND NUMBER OF 
. . STRINGERS PER FLOOR FOR LQM 2 
. . 
%o s t r i nge r  required. 
Floor 
5 
4 
3 
2 
1 
i 
TABU X I . -  STRINGER CROSS SECTIONS FOR LQM 2 
S t r inger  spacing, u ,  i n .  
10. g 
13.3 
15.6 
22 
( a >  
&No s t r i nge r  required. 
No. of s t r i nge r s  
- 
10 7 
8 8 
75 
5 3 
( a )  
Floor 
5 
4 
3 
2 
1 
Tot a1  2864 
i 
2 
A&, i n  
1.007 
.84 
72 
56 
( a )  
4 i n  Istr 
2.56 
1.94 
1.48 
90 
( a )  
Wst r ,  l b  
10.87 
9.07 
7.77 
6.04 
( a )  
Total  s t r i nge r  weight, 
~b 
1163 
,798 . . . .  
-583 
320 
(a)  
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TABU X1V.- FLOOR-WEIGHT SUMMARY 
.TABLE XV. - TENSION-ROD DATA 
U ,  i n .  
36 
4 o 
4 4 
4 8 
52 
72 
Beam 
weight, l b  
1233 
1196 
1215 
' 1058 
10 40 
646 
0 ,  deg 
45 
35 
2 5 
20 
15 
10 
7 
5 
Honeycomb . 
weight, l b  
5 40 
567 . 
600 
638 
676 
918 
Radial load,  
Fhs l b  
56 909 
39 848 
26 537 
20 713 
15 249 
- 1 0 0 3 5  
6 988 
4 979 
Total  rod weight, 
W ,  l b  
76.5 
81.4 
99.8 
119 
153 
224 
316 
440 1 
Total  
weight, l b  
1773 
.1763 
1815 
1696 
1716 
1.564 
Extended 
dis tance,  e ,  i n .  
42 
60 
90 
115 
157 
238 
342 
480 
. 
TABLE XV1.- WEIGHT SUMMARY 
i 
Component 
Outside wal l  
-. 
Floor 
Tunnel 
Tunnel c losure  
Toroidal bulkhead 
F l a t  bulkhead 
Tota l  
- 
LQ,M 1 weight, l b  
22 056 
5 088 
8 334 
-- 
2 180 
624 
38 282 
LQM 2 weight, l b  
1 4  344 
8 480 
3 906 
6 6 
4 360 
-- 
31 156 . 
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L ~ k i n -  stringer -ring construction 
N, psi 
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ro 
Figure 2.- S t r u c t u r a l  e f f i c i e n c y  f o r  l i g h t l y  pres- 
su r i zed  c y l i n d r i c a l  s h e l l s  under long i tud ina l  
compression. 
Figure 3.- Free-body diagram of pressure  loads .  
Infinite cracked 
sheet with uniform 
normal stress at in- 
finity 
Figure 4 .- Cylinder under piessure. 
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Figure 7.- Floor-beam arrangement. 
Figure 8.- Elliptical-torus geometry. 
Figure 9.- Elliptical torus, radii of curvature. 
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Figure 11.- Toroidal she l l  with tension rods. 
Figure 12.- Flat plate with tension rods. 
. .. 
Figure 13.- ~ o r o i d a l  s h e l l  w i t h  shear webs. 
. . 
Fla t  
plate Outer 
wal l  
Shear 
web 
(typical 1 Tunnel 
Figure 14. - Flat plate with shear webs. 
Conical shell 
Figure 15.- Conical  shell. 
Outer f wall  
Figure 16.- P a r t i a l  t o r o i d a l  s h e l l :  
- . 
Figure 17.- Free-body d i a g r m ,  t ens ion . rod .  
Figure 18.- Shear web. 
Figure 19.- Shear-web geometry. 
Figure 20.- Fla t -pla te  bulkhead ( so l i d  p l a t e ) .  
Figure 21.- Free-body diagram, f l a t r p l a t e  bulkhead (sandwich p l a t e ) .  
Inner band 
Tunnel 
Figure 22.- Fla t -pla te  closure.  
, . 
Figure 23.- Conical-shell-closure geometry. 
Figure 24.- Free-body diagram, cone. 
0 Point 1 - X  
. . 
Figure 25.- Surface area, pa r t i a i  to rus .  
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